Mesoscale eddies are important for transporting oceanic energy and matter. We investigated the three-dimensional structure of an irregularly shaped warm eddy using three Chinese underwater gliders and satellite data during May 2015 in the northern South China Sea. The warm eddy lasted for 2 months, remained quasi-steady, and had a mean radius of ~ 70 km from May 10 to May 31. The heat contents observed along the two glider tracks differed markedly, by 2 × 10 9 J/m 2 , which reflected an imbalance in the geostrophic and tangential velocity distributions of the eddy. The geostrophic/tangential velocity decreased/ increased with depth within the warm eddy. The maximum tangential velocities calculated using the datasets from the two gliders were 0.8 and 0.25 m/s, respectively, confirming that the shape of the warm eddy was horizontally asymmetrical. Large errors can arise when the heat, energy, and matter transport for an irregularly shaped eddy are estimated using a regular circular model. We suggest that more intersecting glider tracks should be used to retrieve the three-dimensional eddy structure, and that those tracks should be better designed. The irregular shape of the warm eddy was likely induced by oceanic currents such as the wind-induced Ekman current. Further study is needed to elucidate the eddy-current interactions and the mechanisms thereof.
Introduction
The ocean is full of multiscale currents, including largescale currents, mesoscale fronts, eddies, waves, and smallscale oceanic turbulence. The South China Sea (SCS) is the largest marginal sea connected to the western Pacific, and its large-scale current is driven by the East Asian monsoon (e.g., Liu and Xie 1999; Xie et al. 2003) . Mesoscale structures prevail in the northern SCS, such as eddies, fronts, upwelling/downwelling, and so on (Hu et al. 2000) . These structures play very important roles in regulating oceanic heat and energy exchange, are vital to biochemical transport, and influence interannual/decadal climate variations (e.g., Xiu and Chai 2011) .
Previous studies have reported on eddy structures, eddy life cycles (in terms of origination, shifts, development, and decay), and the associated transport of energy or matter in the northern SCS (e.g., Wang et al. 2005; Nan et al. 2015; Zheng et al. 2017) . The Luzon Strait (Jia and Liu 2004; Yuan et al. 2006) , the Taiwan Bank (Wang et al. 2005) , the Yuedong coastal upwelling zone (Hu and Wang 2016) , and the western Pacific (Zheng et al. 2011) are the four main sites in which eddies originate. Eddies mainly arise due to shedding from the Kuroshio (Jia and Liu 2004) , the intrusion of the western Pacific water mass (Hu et al. 2012; Xie et al. 2016) , or local formation (Yuan et al. 2006) . The evolution of eddies around the Luzon
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Strait has been examined (e.g., Nan et al. 2011a; Zu et al. 2013) , and the development/decay of an eddy was measured using its vorticity (Chen et al. 2012) . Enhanced turbulent mixing was found within a warm eddy (Yang et al. 2014) . Eddies from the Luzon Strait usually follow one of three tracks: southwestward to Hainan Island, westward into the 1000-m isobath, or southward (Nan et al. 2011b) .
Although eddy processes have been studied in detail, the three-dimensional structures of eddies are still unclear. Determining their structures would lead to a greater understanding of eddies, especially in relation to studies of oceanic energy and mass transport. Efforts have been made to elucidate the three-dimensional structures of eddies using numerical models and in situ observations. For example, ship observations revealed the threedimensional structure of a warm eddy east of Hainan Island (Chu et al. 2014) ; Zu et al. (2013) detected a cold eddy using drifter buoys; and Lin et al. (2015) used a temperature mooring to detect eddies. Zhang et al. (2014) constructed three-dimensional structures of potential density by combining satellite and Argo data. In addition, Zhang et al. (2016) used a mooring array to construct the three-dimensional structure of an anticyclone. They also examined eddy generation and dissipation.
Gliders are currently being used to carry sensors deep into the ocean. The data from these sensors provide insight into the vertical fine structure of the ocean, so gliders have been successfully used to investigate oceanic mesoscale eddies in several parts of the world. For example, in the Algerian basin, Cotroneo et al. (2016) observed the impact of a mesoscale eddy on the biochemistry of this region; in south Australia, a glider was employed to measure a warm-core eddy and its physical-biochemical dynamics (Baird et al. 2011) ; in the Labrador Sea, Hátún et al. (2006) measured the physical characteristics of buoyant eddies; and, in the Gulf of Mexico, Rudnick et al. (2015) observed cyclonic eddies and simulated their circulations. All of the above analyses assumed that mesoscale eddies are regular cones; however, some eddies are irregularly shaped.
Chinese underwater gliders have been used to examine ocean dynamics (Qiu et al. 2015; Shu et al. 2016) . Recently, three Chinese underwater gliders passed by a warm eddy in the northern SCS. In the present study, we demonstrate the irregular structure of that warm eddy based on data obtained by three Chinese underwater gliders, and discuss the potential mechanisms underlying such irregularity in the northern SCS. Detailed data and methods are given in Sect. 2; results are presented in Sect. 3; potential mechanisms of eddy irregularity are discussed in Sect. 4; and the study is summarized in Sect. 5.
Data and methods

Data
Three Chinese underwater gliders-one Sea Wing (S1) underwater glider and two Petrel-II (P1 and P2) underwater gliders-were deployed in the northern SCS from April 19 to June 15, 2015. They tracked and passed by a warm eddy, and their tracks are shown in Fig. 1 . The S1 glider, electrically powered, was designed and operated by the Shenyang Institute of Automation, Chinese Academy Sciences (Yu et al. 2013) . The thermodynamically driven gliders P1 and P2 were developed by Tianjin University. P1 passed the edge of the anticyclone on May 7, and S1/P2 passed the center of the eddy on May 21. Seabird CTDs on the gliders measured the temperature, salinity, and pressure. The gliders S1, P1, and P2 swam up and down, to a depth of 1000 m, and captured 205, 183, and 189 vertical temperature and salinity profiles, respectively. We interpolated the temperature/salinity data to achieve a vertical resolution of 1 m.
The sea level anomaly (SLA) is the difference between the sea surface height (SSH) and the mean sea surface (MSS). The MSS is representative of a particular time period called the reference period. The satellite altimeter SLA data used in this study cover the period of 2015 and were extracted from Archiving, Validation and Interpretation of Satellite Data in Oceanography (AVISO; http://www.aviso .ocean obs.com/en/data/produ cts/sea-surfa ce-heigh t-produ cts/globa l/index .html). In the latest (2014) version, the reference period changed from 7 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) to 20 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , and a new Cartesian 0.25° resolution and daily temporal grid resolution were used. Constructed by combining data from the ERS-1/2, TOPEX/Poseidon, Jason-1/2, and Envisat altimeters, the SLA data were geophysically and meteorologically corrected for tides, ionospheric effects, atmospheric pressure, etc.
Surface wind products were obtained from the National Centers for Environmental Prediction/Atmospheric The tracks of S1, P1, and P2 are indicated by black, blue, and red lines, respectively. The gray box indicates the warm eddy area; this box is enlarged in Fig. 2 Research Reanalysis dataset, version 1 (Kalnay et al. 1996) . The temporal resolution was 6 h (four times per day), and the spatial resolution was 2.5°.
Methods
To detect and track mesoscale eddies more efficiently, with higher recognition accuracy and better stability, we used the winding-angle (WA) algorithm combined with the SSH method as the automatic eddy identification algorithm. The basic steps were as follows: (1) judge the potential centers of eddies that correspond to local maximum (minimum) values of SLA for anticyclonic (cyclonic) eddies; (2) calculate the WA and select the looping streamlines; (3) cluster the streamlines by setting a radius threshold; and (4) calculate the eddy parameters. A more detailed description of this process is given in Sect. 4 of Sadarjoen et al. (2000) .
Based on geostrophic balance, the horizontal components of a geostrophic velocity anomaly may be estimated as where g is the acceleration due to gravity (≈ 9.8 cm/s), f is the Coriolis frequency (= 7.71 × 10 −5 s −1 ), and ∂x and ∂y are the horizontal distances in the x-and y-directions, respectively.
The radius (R) can be calculated using the following formula:
where L is the distance corresponding to 1° of longitude and latitude (≈ 111.1949 km) and ΔL A /ΔL B is the zonal/ meridional difference at the edge of the eddy.
The eddy tracking algorithm proposed by Penven et al. (2005) was used in this study. The track of a given eddy at time step t was updated by searching for eddy centers of the same type (cyclonic/anticyclonic) at time t + 1 within a search area of 50 × 50 km 2 grid points centered around the eddy location at time t.
According to the above theoretical algorithm, and taking into account the error in the AVISO products, the identification of an eddy had to satisfy the following criteria: (1) the contours of the SLA had to be closed; (2) there had to be at least one local maximum value of the SLA for an anticyclonic eddy; (3) the depth of the center had to be greater than 200 m (the altimeter data had tidal and internal wave deviations of <200 m); (4) the amplitude of the eddy had to exceed 2.5 cm; (5) the maximum radius of the eddy during its evolution had to be >100 km; and (6) the lifetime of the eddy had to be at least 30 days (Chelton et al. 2011 ).
(1) Figure 2 shows the evolution of an anticyclonic eddy from May 1 to May 30, 2015. This anticyclonic eddy, which had SLA values > 5 cm, changed in shape and strength over this period. The eddy had an irregular egg-like shape with sparse (dense) contours in the west (east) at the beginning of May, and then it turned northward. The P1 glider (blue) swam along the edge of the warm eddy from May 1 to May 12. The S1 (black) and P2 (red) gliders both passed through the warm eddy from May 10 to May 31. Using the WA algorithm and the SLA data described in Sect. 2, we calculated the anticyclonic eddy's kinetic
Results
Life cycle of a warm eddy
, and radius (Eq. 2). Time series of these parameters are shown in Fig. 3 . The period corresponding to glider observations is lightly shaded in Fig. 3 . The EKE ranged from 300 to 500 cm 2 /s 2 during May 10-31 (the shaded period). The absolute value of the vorticity remained high (~ 8 × 10 −6 rad/s) until the beginning of June, and the divergence was low (0-2 × 10 −7 rad/s). The radius of the warm eddy did not change significantly (it was ~ 70 km). The stretch and shear deformation were minor. All of the above parameter values indicate that the warm water mass remained relatively constant; i.e., the eddy remained stable during the period of glider observations.
Three-dimensional structure of the warm eddy
Temperature and salinity structures
Vertical profiles of temperature and salinity observed by the gliders are shown in Fig. 4 . The longitude of the warmsaline eddy ranged from 115.6°E to 117°E. We found that the maximum temperature anomaly values occurred at 116°E, 19.6°N, which was consistent with the position of the altimeter-derived eddy center. This indicates that the altimeter-derived location of the eddy center was reliable.
To visualize the warm eddy more clearly, we calculated temperature and salinity anomaly values using the mean temperature along the glider path as the background. Temperature anomalies were seen down to a depth of 1000 m, and saline anomalies to a depth of 200 m. The warm eddy was clearly observed and measured by gliders S1 and P2, so we primarily used S1 and P2 data in the following analyses.
The maximum temperature anomaly was ~ 4 °C and the maximum salinity anomaly was ~ 0.2 psu (Fig. 5) .
Velocity structure of the warm eddy
In an anticyclonic eddy, water particles move according to the gradient-wind theory (McWilliams et al. 2003) . Figure 6 shows a schematic of the calculation of the tangential velocity in an eddy. At each depth, the momentum balance is where the first term on the left hand of Eq. (3a) is the inertial centrifugal force, the second term is the pressure gradient force, and the Coriolis force is on the right hand of the Eq. (3a). In Eqs. (3a, 3b) , v c is the tangential velocity, r is the distance between a water particle and the eddy center, and p and P are the pressures along the glider path and the normal line, respectively. f is the Coriolis parameter and
is the angle between the glider path
(with a slope of k 1 ) and the normal line (with a slope of k 2 ). The solution to Eqs. (3a, 3b) is where p, , r and f can be derived from the glider observations.
The real velocity, v c , includes the geostrophic velocity, v g , and the geostrophic deviation (i.e., the ageostrophic velocity),v ag ). Geostrophic velocities along the glider path are calculated using the thermal wind relationship. The geostrophic velocity at depth z is as follows:
where v g is the geostrophic velocity along the normal line, v g-glider is the geostrophic velocity perpendicular to the glider path, g is the acceleration due to gravity, and 0 is the The geostrophic velocity is mapped in Fig. 7a . The white triangle denotes the eddy center. To the left of the eddy center, the velocity was positive; to the right, it was negative. Fig. 3a-f Time series of properties of the eddy: a kinetic energy, b vorticity, c divergence, d stretch deformation, e shear deformation, and f radius. The parameters were calculated using the winding-angle (WA) algorithm. The shaded area corresponds to the period of glider observations, May 10-31
The velocity increased in magnitude from the eddy center and reached its maximum (~ 0.25 m/s for S1 or ~ 0.8 m/s for P2) at 115.6°E (for S1) or 117°E (for P2), corresponding to the edge of the eddy. Outside the edge, the velocity began to drop in magnitude. Figure 7b shows a map of the real tangential velocity, v c . It is clear that the velocity changed direction at the eddy center. According to S1, the order of magnitude of the tangential velocity was the same as that of the geostrophic velocity. Along the path of the S1 glider, the tangential velocity was almost symmetrical around the eddy center, while it was asymmetrical along the P2 glider path. The maximum absolute value of the tangential velocity occurred to the right of 117°E. Large absolute values of the velocity occurred at depths of 200-450 m. The glider paths shown in Fig. 2 indicate that S1 (black) passed through the eddy center while P2 (red) passed south of the eddy.
Irregular structure of the warm eddy
The tangential velocities estimated using the datasets from P2 and S1 at a certain distance from the eddy center differed significantly, especially at depths of 200-450 m. This indicates that the velocity of the warm eddy was asymmetric. The variation in the flow structure with depth is shown in Fig. 8 . The warm eddy had a larger tangential velocity to the southeast (red) than to the east (black) of the center at all depths. Tangential velocity values were also larger to the east than to the west of the center. We confirm that the velocity to the southeast of the warm eddy center was much stronger than that to the east and west. Although the asymmetry of the eddy can be seen in Fig. 3 of Zhang et al. (2016) , they did not focus on this irregularity.
We also calculated the heat content, Q = 0 ∫ 1000 z c p T z dz , based on the datasets from gliders P2 and S1; here, Q is the heat content, z and T z are the seawater density and Fig. 4a-f Temperature (left) and salinity (right) observed by the gliders a, d P1, b, e S1, and c, f P2 temperature at depth z, and c p = 4300J∕(kg K) is the specific heat capacity. Figure 7e shows that the heat content measured by S1 was 4.6 × 10 10 J/m 2 , which was 2 × 10 9 J/ m 2 larger than that measured by P2 at the eddy center, but the heat content measured by S1 in the east part of the eddy was 1 × 10 9 J/m 2 lower than that measured by P2.
This indicates that the heat content was also distributed irregularly around the warm eddy center. When reconstructing eddy structures, previous studies have modeled eddies as symmetric rotational bodies due to limited observational data (e.g., Zhang et al. 2014; Shu et al. 2016) , which could result in large uncertainties when calculating the heat or kinetic energy transport associated with the eddy. More observation tracks that are also better designed are required to determine the true structures of eddies.
Discussion
The irregular shape of the warm eddy considered in this work was observed by satellite and two gliders (Figs. 2, 7, 8) . During the period of observations by the gliders, the warm eddy was stable, with only minor changes in EKE and vorticity noted (Fig. 3) , but the alignment of the long axis of its irregular shape changed from east-west to south-north (Fig. 2) . The number of eddies in a closed or semi-closed ocean is related to waves such as standing or Rossby waves or multimode interactions among Rossby waves (Zheng et al. 2011; Xie et al. 2016) . Hence, the size of the eddy depends on the types and number of oceanic waves present. However, this leaves the question of why the eddy became irregular/asymmetric. In this section, we discuss the mechanisms leading to the irregular shape of the eddy. Eddy-current interactions are an important reason for eddy deformation. Strong currents, such as western boundary currents, can induce eddies (e.g., Li et al. 1998 ; Waseda . Large-scale currents can control eddy formation and dissipation (e.g., Shutts 1983) , and a circular eddy will become elliptical under the influence of westward movement. We hypothesized that the background current influenced the shape of the warm eddy considered in this work.
The large-scale current of the SCS is thought to be driven by the monsoon (Wyrtki 1961) . Figure 9 shows that southwest winds led to westward Ekman drift (dashed arrow in Fig. 9a ) from May 1 to May 12. However, from May 13 to May 31, southerly winds induced a northeasterly Ekman current (dashed arrows in Fig. 9b ). The Ekman current direction was consistent with the direction in which the eddy was stretched (Fig. 2) . The isolines of mean dynamic height are much denser in the east than in the west in summer (Su 2004) , which also indicates that the background currents are stronger in the east than that in the west, which might have led to the larger tangential velocities to the east of the eddy center than to the west of it (Fig. 7) . The warm eddy exhibited an egg-like shape rather than an elliptical shape (Fig. 2) . Interactions between a point vortex and shear velocity produce wave pockets in the leeward direction (Bell 1990) , which could explain the egg-like shape of the warm eddy. Additionally, a branch of the Kuroshio passing through the Luzon Strait from northeast to southwest may 
Conclusions
Using Chinese underwater gliders, we investigated the threedimensional structure and the distortion in the geostrophic velocity and tangential velocity distributions of a warm eddy in May 2015. The warm eddy was located at 115.6-117°E and reached down to a depth of 1000 m. The magnitudes of the velocity and heat content were distributed asymmetrically around the eddy center, with higher velocities observed to the southeast than to the east and west. The difference in maximum tangential velocity reached 0.55 m/s and the difference in heat content reached 2 × 10 9 J/m 2 . The distorted geostrophic velocity and tangential velocity distributions of the warm eddy were likely caused by oceanic background currents. Such distortions of the eddy may lead to asymmetric energy and matter transport. Higher spatial resolutions of air-sea fluxes and oceanic current products are needed to elucidate the mechanisms that cause irregularly shaped eddies. These mechanisms and the influence of the irregular eddy shape on the biochemistry in the region merit future study.
